Genome-wide linkage scan for exercise participation in Dutch sibling pairs. by Moor, M.H.M. de et al.
ARTICLE
Genome-wide linkage scan for exercise participation
in Dutch sibling pairs
Marleen HM De Moor*,1, Danielle Posthuma1, Jouke-Jan Hottenga1, Gonneke Willemsen1,
Dorret I Boomsma1 and Eco JC De Geus1
1Department of Biological Psychology, Vrije Universiteit Amsterdam, The Netherlands
This study was aimed at identifying the genomic loci linked to exercise participation in males and females.
Cross-sectional exercise data of twins and siblings (18–50 years) were used from the Netherlands Twin
Registry. The sample consisted of 1432 genotyped sibling pairs from 622 families (1120 sibling pairs were
genotyped on all chromosomes). Exercise participation (no/yes, based on a cutoff criterion of four
metabolic equivalents and 60 min weekly) was assessed by survey. Genotyping was based on 361 markers
and an average marker density of 10.6 cM. Identical by descent status was estimated for a 1 cM grid.
A variance components-based sex-limited linkage scan was carried out for exercise participation. The
heritability of exercise participation in males was 68.5% and in females 46.3%. The genetic overlap was
estimated at 0.32, indicating that partly different genes affect exercise in the two sexes. Suggestive linkage
was found in all subjects on chromosome 19p13.3 (LOD¼2.18). Although sex differences in linkage effect
were not significant, mainly females contributed to the suggestive linkage. The 19p13.3–13.2 region
harbors a number of genes related to muscle performance and muscle blood flow, which might affect
exercise behavior through exercise ability. Most likely, a large number of genes with each small effects
affect exercise participation in males and females. Large collaborative samples are needed to detect these
effects.
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Introduction
Numerous epidemiological and experimental studies have
demonstrated the beneficial effects of regular exercise
participation on physical and mental health.1 – 3 Despite
these well-known effects, about 30% of European and
North-American populations remain sedentary.4,5 It is well
known that individual differences in exercise behavior can
be explained by a combination of both environmental and
genetic factors. Reviews of twin and family studies have
shown a significant contribution of genetic effects to
variation in adolescent and adult exercise participation
and (leisure-time) physical activity. Heritability estimates
range from 25 to 75%, with the lower estimates found in
early adolescence, peak heritability at late adolescence/
young adulthood and heritabilities of around 50% in
adults.6 – 8 At all ages, there is evidence that the genetic
factors influencing exercise behavior in males and females
are different. Two studies found a higher heritability in
male than in female adolescents,6,9 and a recent study in
adults found significant lower correlations in opposite-sex
than in same-sex twin pairs in four out of five large data
sets from different countries.10 Such a pattern of correla-
tions in first-degree relatives suggests that either different
expression patterns of the same genes or different genes
play a role in exercise behavior in men and women.
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The influence of specific environmental factors on
exercise behavior is well researched in the epidemiological
literature on determinants of exercise behavior, although
causality often still needs to be established.11 In contrast,
there is only a handful of molecular genetic studies that
identified the actual genetic variants related to exercise
behavior. In one study, the dopamine 2 receptor (DRD2)
gene was associated with physical activity, sports participa-
tion and occupational physical activity in females.12 In
a study of adolescent females, the calcium-sensing
receptor (CASR) gene was associated with hours spent
on physical activities per week.13 In a sample of post-
menopausal women, the aromatase (CYP19) gene was
associated with physical activity.14 In yet another study,
the melanocortin-4 receptor (MC4R) gene was associated
with daily physical activity levels in a combined sample of
adult men and women.15 Finally, in a study of mild male
and female hypertensives, the angiotensin-converting
enzyme (ACE) gene was associated with leisure-time
physical activity.16
There are two genome-wide linkage studies on physical
activity and none on exercise participation.17,18 In the first
study,17 172 male and 223 female adults and their parents
from 207 families were genotyped and four physical
activity phenotypes were measured. Genotyping was based
on 432 markers (average map density 7.06 cM). Three
physical activity phenotypes (inactivity, moderate to
strenuous physical activity and total daily activity level)
were derived from a 3-day activity diary. The fourth
physical activity phenotype (time spent on most common
physical activity during the past year) was survey-based.
For time spent on physical activity, suggestive linkage
was found on chromosomes 11p15 and 15q13.3. For the
3-day diary-based physical activity phenotypes, promising
evidence was found on chromosome 2p22–p16 (for
inactivity) and suggestive linkages were found for different
loci on chromosomes 4q28.2, 7p11.2, 9q31.1, 13q22–q31
and 20q13.1.
In a second study,18 1030 children (both boys and girls)
and 631 parents from 319 Hispanic-American families were
genotyped and phenotyped. Genotyping was based on
markers with an average spacing of 10 cM. Daily physical
activity was measured using accelerometers. For percentage
of awake time spent in sedentary activity, significant
linkage was found on chromosome 18q12–q21, where
the MC4R gene is located.
There was no overlap in the findings of these linkage
studies and, with the exception of MC4R, the genes
identified in previous association studies are not located
on or nearby the identified regions in the linkage studies.
If different genes cause variation in exercise behavior in
males and females, as suggested by heritability studies,
then ignoring these sex differences might result in a failure
to detect the separate genetic effects in males and females.
In this paper, we present a sex-limited autosomal linkage
scan, carried out in 1570 individuals from 622 families
using, on average, 361 markers.
Methods
Subjects
This study was part of an on-going study on lifestyle and
health in twin families that are voluntarily registered at
the Netherlands Twin Register.19,20 Since 1991, every 2–3
years, participants received questionnaires on health, life-
style and personality. Data on exercise participation were
collected in each survey in 1991, 1993, 1995, 1997, 2000
and 2002. A cross-sectional data set was created using the
most recent data on exercise participation from each
family that participated one or more times in the long-
itudinal study.
Twins and their siblings aged between 18 and 50 years
were selected. We excluded twins with unknown zygosity
(N¼67, note that these twins were not genotyped) and
genetically unrelated siblings and half siblings (N¼47).
The total sample consisted of 4230 families (9408 twins
and siblings). A subsample was genotyped and used in the
linkage analyses. Genotyping procedures are described
below. A detailed overview of the sample characteristics is
given in Tables 1 and 2. Zygosity of the same-sex twins was
determined by DNA typing for 26.1% of the same-sex twin
pairs. For the other same-sex twins, zygosity was based on
eight items on physical similarity and the frequency of
confusion of the twins by parents, other family members
and strangers. Agreement between zygosity based on these
items and zygosity based on DNA was 97%.21
Phenotype
Exercise participation was measured with a number of
questions. The first question was ‘Do you participate in
Table 1 Number of families, individuals and sibling pairs
in the non-genotyped, genotyped and total sample
Non-genotyped
sample
Genotyped
sample
Total
sample
Number of
families
3608 622 4230
Number of
individuals
7670 1738 9408
MZM pairs 445 (125) 63 (4) 508 (129)
DZM pairs 267 (90) 79 (13) 346 (103)
MZF pairs 906 (201) 101 (4) 1007 (205)
DZF pairs 401 (152) 157 (13) 558 (165)
DOS pairs 597 (276) 146 (30) 743 (306)
Brothers 711 234 945
Sisters 883 348 1231
Number of incomplete twin pairs in parentheses (arise when data on
exercise participation are missing in the co-twin), note that for the
linkage analysis, one MZ twin was randomly selected from each
complete MZ twin pair, because MZ twin pairs share the same
genotype.
Abbreviations: DZ, dizygotic; MZ, monozygotic.
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exercise regularly?’. This question could be answered with
Yes or No. If the participants responded affirmative, further
information on type, frequency and duration of exercise was
gathered. All exercise activities were assigned a metabolic
equivalent value, using Ainsworth’s Compendium of physi-
cal activity.22 A metabolic equivalent score of 1 corresponds
to the rate of energy expenditure when at rest (1 kcal/kg/h).
In the group of exercisers, the data of frequency and
duration of the exercise activities and their metabolic
equivalent scores did not follow a normal distribution but
were highly skewed. Non-exercisers did not have values on
frequency, duration and intensity level, since they are not
involved in any exercise activities. Therefore, in keeping
with existing epidemiological studies,23 exercise participa-
tion was defined as a dichotomous variable, classifying
participants as either regular exerciser or non-exerciser. A
cutoff criterion of exercising at four metabolic equivalents or
more for at least 60 min a week in the recent year was used to
classify participants as regular exercisers.
Genotyping
DNA was extracted for a sample of twins, non-twin siblings
and their parents from either whole blood or buccal swabs
following standard protocols.24,25 One part of the sample
(N¼ 2399 subjects) was genotyped by the Mammalian
Genotyping Service in Marshfield for a 400 marker 10 cM
genome scan (two batches, screening sets 10 and 16). The
other part of the sample (N¼985 subjects) was genotyped
by the Molecular Epidemiology Section, Leiden University
Medical Centre, using the 10 cM Applied Biosystems
Human Linkage Set v2.5 MD10 with some additional
markers (419 in total). The genotype data from these
screens were then combined. Allele calling and binning
was equalized between 111 markers that were present in
both data sets with the use of 302 overlapping samples. In
case there were inconsistencies, the data was set to
unknown for the tested markers (binning and allele-calling
inconsistencies) and persons (genotyping errors). Sex and
zygosity were checked with the marker data. Pedigree
relations in the entire samples were checked with the GRR
program.26 Errors of Mendelian inheritance were detected
with Pedstats.27 Markers and samples were removed if their
total error rate was more than 1%; in all other cases, the
specific erroneous genotypes were set as unknown. Un-
likely, recombinants were detected using Merlin and
erroneous genotypes were removed with Pedwipe.27 Iden-
tical by descent (IBD) estimation was carried out in this full
genotype data set.
There were 1738 monozygotic (MZ) and dizygotic (DZ)
twins and non-twin siblings from 622 families who were
both genotyped and phenotyped (see also Table 1). For the
present linkage analysis, we randomly selected 1 MZ twin
from each monozygotic twin pair. Further, siblings were
selected per chromosome if they had markers with an
average spacing of 18 cM or less. This corresponds to the
average spacing of markers if subjects with more than 200
markers genotyped along the genome are selected (ie more
than 50%). This resulted in a total sample of 1570
genotyped individuals from 622 families (1432 all possible
sibling pairs). The number of sibling pairs per chromosome
ranged from 1196 to 1432 (1120 sibling pairs were
successfully genotyped on all chromosomes). There were
266 male, 525 female and 641 opposite-sex sibling pairs.
The average heterozygosity of autosomal markers was 76%.
In the 1120 sibling pairs, the average number of markers
genotyped was 361 (201–761) with an average spacing of
10.6 cM. For 1046 pairs, the genotype data came from the
Marshfield marker sets; for 171 pairs, the data came from
the Leiden marker set. A total of 119 pairs were genotyped
in both data sets, and in 22 pairs, the siblings were
genotyped in the two different marker sets. For the
statistical analyses, the Haldane mapping function was
used. All reported values are in Haldane centiMorgans. The
marker positions were interpolated via locally weighted
linear regression from the National Center for Biotechno-
logy Information build 35.1 physical map positions and
the Rutgers genetic map.28,29
IBD estimation
A sibling pair shares an allele at a specific locus IBD if the
allele is inherited from the same ancestor. A sibling pair can
share 0, 1 or 2 alleles IBD at a specific locus. Because IBD
status is not always known (depending on the availability
of genotypic data in the parents, the map density of
the markers and the informativeness of the markers), the
probability of sharing 0, 1 or 2 alleles IBD needs to be
estimated. This was done for a 1 cM grid multipoint scan
using the Lander–Green algorithm implemented in Mer-
lin.27 The proportion of alleles shared IBD at a specific
position along the genome was estimated as:
p^ ¼ 0:5pðIBD ¼ 1Þ þ pðIBD ¼ 2Þ
where p(IBD¼1) is the probability that IBD status is 1 and
p(IBD¼2) is the probability that IBD status is 2.
Linkage analysis
Sibling pair analysis using variance components modeling
in Mx30,31 was used to estimate the heritability and linkage
Table 2 Prevalence of exercise participation and distribu-
tion of sex and age in the non-genotyped, genotyped and
total sample
Non-genotyped
sample
Genotyped
sample
Total
sample
Prevalence of exercise
(no/yes)
47/53% 50/50% 47/53%
Proportion of males/
females
39/61% 40/60% 39/61%
Mean age (SD) 27.8 (7.4) 32.3 (8.5) 28.6 (7.8)
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of a putative quantitative trait locus (QTL) to exercise
participation in the sample of genotyped sibling pairs.
Because exercise participation is a dichotomous variable,
we used a threshold liability model, in which the estimated
threshold divides the latent standard normal liability
distribution into an ‘affected’ and ‘unaffected’ part.32
Estimates of twin correlations and heritabilities in the
total sample have been reported in a previous study.10
Before carrying out the linkage analysis, we evaluated
whether the prevalences and heritabilities in the geno-
typed sample were the same as in the total sample. We
fitted an AE threshold model with non-scalar sex limita-
tion33 to the data in both the genotyped and non-
genotyped sample. In this model, the variance in liability
for exercise participation in each sample (which is set at 1)
was decomposed into additive genetic (A) and unique
environmental (E) components, allowing for both quanti-
tative differences in variance decomposition (ie, different
heritabilities in males and females) and qualitative differ-
ences (ie, a lower genetic correlation in opposite-sex pairs).
We tested for differences in prevalences and variance
decomposition in the two samples by constraining the
parameters to be equal across samples. The fit of the
models was evaluated by use of the log-likelihood ratio
test, computing the difference in minus twice the log-
likelihood between two nested models. This difference is w2
distributed. The degrees of freedom equals the difference in
degrees of freedom between the two models. An a level of
0.01 was used for this test. A significant w2 means that the
constrained model fits significantly worse than the full
model.
Next, we carried out the linkage scan for all positions
along the genome, allowing not only for sex limitation
in the heritability, but also in the linkage effect.34 The
estimate of the proportion of alleles shared IBD in a specific
region along the genome (pˆ) was used to model the
covariance in a sibling pair that is due to the putative
locus. If the QTL effect is significant, the predicted (model-
based) phenotypic covariance will be largest for sibling
pairs sharing all alleles IBD in a specific region along the
genome, the covariance will be smallest for sibling pairs
sharing no alleles IBD in this region. Figure 1 shows the
path model that was used (drawn for opposite-sex (OS)
sibling pairs). All path loadings, including the QTL effect
on the trait, are allowed to be different in males and
females. In full sibling pairs, for reasons of identification,
the part of the phenotypic covariance that is not explained
by the QTL is usually modeled as a shared background
factor, consisting of both common environmental and
genetic factors.31 However, because it was known that
covariance between sibling pairs is explained by additive
genetic factors only,10 we modeled this background factor
as an additive genetic factor. The square of the estimate of
the QTL effect in the model reflects the proportion of the
total variance in liability to exercise participation (fixed at
one) that is explained by the QTL. The genetic correlation
in the opposite-sex (OS) sibling pairs was freely estimated
(but restricted to vary between 0 and 0.5, based on
biological plausibility), while the genetic correlation in
same-sex sibling pairs was fixed at 0.5. The correlation
between QTLs was given by pˆ, a value that is specific to
each sibling pair (specified as a definition variable in Mx).
The threshold was modeled according to the best-fitting
model in the heritability analysis, which included an age
effect on the threshold.
We tested separately the significance of the QTL effects
in males and females. To test the significance of the male
QTL effect, we compared the fit of the full model with both
sex-specific QTL effects with the fit of the model in which
the effect of the QTL in males was fixed at 0. Similarly, we
evaluated the significance of the female QTL effect. We also
evaluated whether the sex differences in QTL effects in
males and females were significant, by comparing the
model with two QTL effects with the model in which these
two effects were equated. We further tested the significance
of the QTL effect equated across sex, by comparing the fit
of this model with the model in which the QTL parameter
was dropped.
Significance of effects was evaluated by use of the
likelihood ratio test, from which the log odds ratio (LOD)
score can be computed by dividing the obtained w2 test
statistics by 2ln10 (B4.6). The linkage is considered
significant if an LOD larger than 3.6 is observed, corre-
sponding to a genome-wide 5% chance that a significant
LOD score due to random fluctuations is found somewhere
Figure 1 Path diagram used to model non-scalar sex-limited
linkage (shown for an opposite-sex sibling pair). EXM, exercise
participation in males; EXF, exercise participation in females; eM,
unique environmental path (males); aM, additive genetic path (males);
qM, QTL effect (males); eF, unique environmental path (females); aF,
additive genetic path (females); qF, QTL effect (females); EM, male-
unique environmental factor; EF, female-unique environmental factor;
Ar,M, male additive genetic background factor; Ar,F, female additive
genetic background factor, Q, quantitative trait locus (QTL); rAr,OS,
genetic correlation between additive genetic background factor of an
opposite-sex sibling pair, pˆ, estimated proportion of alleles shared IBD
(identical by descent) at the QTL.
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on the genome, thereby correcting for multiple testing.
The linkage is considered suggestive if a LOD score larger
than 2.2 is observed, corresponding to the expectation that
an LOD score of this magnitude as a result of random
fluctuations is found once in a genome scan.35
We also computed the empirical thresholds for sugges-
tive and significant linkage in males and females, by
randomly permuting the data sets a 1000 times. Permuta-
tions were carried out by randomly assigning the IBD
estimates to the sibling pairs, keeping the sibling pairs
and IBD structure along the genome intact. Each permuted
data set was then analyzed. The empirical thresholds
for suggestive linkage in males and in females were
computed by obtaining the maximum sex-specific LOD
scores for each chromosome out of the 1000 analyses, and
determining what sex-specific LOD score occurs a 1000
times out of 22 000. The empirical threshold for suggestive
linkage in males was 1.89 and in females 1.91. The
thresholds for significant linkage in males and females
were computed by recording the maximum sex-specific
LOD scores in each linkage scan in one of the permuted
data sets, and then determining which sex-specific LOD
scores occur 50 out of 1000 times. The empirical threshold
for significant linkage in males was 3.22 and in females
was 3.21.
Results
The prevalence of exercise participation in the genotyped
individuals was not significantly different from the
prevalence of exercise in the non-genotyped individuals
(w2¼1.44, df¼1, P¼0.23, see Table 2 for prevalence
estimates). There were also no significant differences in
heritability of exercise participation in both males and
females between the genotyped and non-genotyped
sample (w2¼1.67, df¼1, P¼0.64). In the genotyped
sample, the heritability in males was estimated at 68.5%
(95% confidence interval (CI): 56.7–82.9%) and in females
at 46.3% (95% CI: 26.0–63.6%). The proportion of
variance explained by E in males is estimated at 31.5%
(95% CI: 15.7–61.8%) and in females at 53.7% (95% CI:
39.2–73.9%). The genetic correlation in opposite-sex pairs
is 0.32 (95% CI: 0.08–0.50). These results suggest that no
selection occurred with regard to both phenotype and
genotype in the genotyped sample, and the results from
the linkage analysis can be generalized to the total sample
under study. Qualitative sex differences in genetic effects
influencing exercise participation were also found in the
genotyped sample, which justifies modeling sex-specific
QTL effects in the linkage analysis.
Figure 2 displays the LOD scores for males, females and
the combined sample plotted for each chromosome. Tests
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Figure 2 LOD scores across the autosomal genome for males (thin dotted line), females (thin solid line) and males and females combined (thick
solid line).
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of sex heterogeneity showed that nowhere along the
genome are the sex differences in QTL effect significant,
when correcting for multiple testing. Suggestive linkage
is found in all subjects on chromosome 19 (maximum
LOD¼2.18 at 13 cM nearby marker D19S247). It becomes
clear from Figure 2 that females contribute more strongly
to this LOD score than males (maximum LOD in
females¼ 2.87 at 11 and 12 cM, versus 0.83 in males at
9–12 cM). The proportion of variance explained at this
QTL is 38.0% (95% CI: 16.8–55.6%). The estimate of the
genetic correlation of the additive genetic residual factors
in opposite-sex pairs at this locus is zero. Dropping 1 LOD
at both sides of the peak, the CI around the peak is
0–28 cM. This region is flanked by markers D19S591 at
19p13.3 and D19S865 at 19p13.2.
Discussion
This study shows suggestive linkage on chromosome
19p.13.3 near marker D19S247 (LOD¼2.18), explaining
38.0% of the total variance in liability for exercise
participation. The maximum LOD score in females in this
region was 2.87 and in males was 0.83. The region on 19p
does not coincide with the regions that were found for
physical activity levels in the previous linkage studies,17,18
which could be partly explained by the different defini-
tions of exercise behavior that were used. The region
further does not harbor genes that have been related to
exercise or physical activity phenotypes in previous
association studies.12 – 16 Also, no convergence was found
to genes on the latest version of the human gene map for
performance and health-related fitness phenotypes36 that
provides an overview of all genes and QTLs identified
through association and linkage studies that have been
related to physical performance, physical activity or
health-related fitness phenotypes.
A tentative search for genes located under the peak on
19p that are possibly related to exercise participation was
made using the Ensembl database.37 We hypothesize that
three biological pathways might explain how genes
influence exercise behavior. First, genes that influence
exercise ability might indirectly influence voluntary en-
gagement in exercise activities. A person’s genetic make-up
determines whether this person is good at exercise or not,
and this innate exercise ability might in turn influence
whether a person actually engages in exercise behavior.
Second, the engagement in exercise activities might
depend on personality traits such as neuroticism, extraver-
sion or sensation seeking, which are all also under genetic
control,38 – 41 or clinical end points like depression. For
example, a linkage study on depressive disorders reported
significant linkage of region 19p13.2–13.1 to depressive
spectrum disorder.42 Depression, which is two times more
prevalent in women, may prevent people to take part in
regular exercise. Genes influencing depression might
therefore also influence exercise behavior. A third biologi-
cal pathway by which the influence of genes on exercise
behavior might be mediated is through the acute (reward-
ing) effects of exercise. A person’s genetic predisposition to
experience more rewarding than aversive acute effects of
exercise (eg, large increase in performance or physical
fitness, enhanced feelings of well being) may determine
whether a person engages and continues to engage in
exercise activities. A number of possibly interesting genes
are located at region 19p13.3–13.2, all concerning exercise
ability through their influence on either muscle perfor-
mance or muscle blood flow: the muscle integrin-binding
protein gene (MIBP), the thyroid receptor-interacting
protein 10 gene (TRIP-10), the myosin IE gene (MYO1F),
the endothelial differentiation G-protein-coupled receptors
5 and 6 genes (EDG5 and EDG6), the thromboxane A2
receptor gene (TBXA2R) and the calponin-1 gene.
The main limitation of this study is the use of a
dichotomy to quantify exercise. It is well known that large
samples are needed to detect linkage signals of small effect.
The power to detect variance components such as additive
genetic QTL variance with ordinal data is even lower than
with continuous data.43 We carried out a number of
analyses to investigate the power to detect non-sex-specific
and sex-specific QTL effects and the power to detect sex
differences in QTL effects in the non-scalar sex-limitation
model for ordinal data. In the simulations, we assumed
heritabilities and a genetic correlation in the opposite-sex
pairs that correspond to the values of our real data
(heritability males 68%, heritability females 46%, genetic
correlation opposite-sex pairs 0.32). With 1440 sibling
pairs in total and proportions of male–male, female–
female and opposite-sex sibling pairs that correspond to
the real data proportions, the power to detect a QTL effect
of 25%-explained variance is 0.84 for the male-specific,
0.91 for the female-specific and 0.96 for the non-sex-
specific QTL effect. For a QTL explaining 10% of the
variance, these values are 0.22, 0.25 and 0.31, respectively.
The power to detect a difference of 15%-explained variance
between males and females is 0.14 (assuming that the
variance in males is 0.05 and in females is 0.20). Similar
power results are obtained when different variances are
assumed (range between 0 and 20%) but with the same
difference of 15%. Thus, the power to detect linkage signals
of small effects is rather low and the power to detect sex
differences in QTL effects is very low. However, we stress
that our sample size is large compared with previous
linkage studies on physical activity phenotypes and other
linkage studies on complex phenotypes.
Taken together, this study suggests that the substantial
heritability of exercise behavior in both males and females
cannot be attributed to a few major genes with large
effects. Rather, exercise behavior should be considered
among the complex, polygenic traits, with in part different
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genes affecting exercise behavior in males and females.
Considering the diversity of the hypothesized biological
pathways through which genes might affect exercise
behavior, it is likely that a large number of genes with all
minor effects account for the heritability of exercise
participation. For gene-finding efforts for exercise behavior
to be successful, large collaborative samples will be needed
to detect and replicate the linkage signals.
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